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Technical Field 

[0001] The present invention relates, generally, to amplifiers. More particularly, the 

present invention relates to an output stage circuit for an operational amplifier that 
can facilitate the pulling-up and/or pulling-down of the output of the operational 
amplifier towards or beyond an upper and/or lower power supply. 



Background of the Invention 

[0002] In the efforts for optimizing and improving operation in various high-speed 

microcontroller-based devices, such as various instrumentation and measurement 
equipment and the like, significant attention has been given to the further 
improvement of the high-speed operational amplifiers utilized. For example, efforts 
have been made to improve transimpedance amplifiers that are used to convert low- 
level photodiode currents to usable voltage signals, and are commonly implemented 
within low-current and leakage current measurement applications, as well as other 
low-level sensor current applications. 

[0003] Many operational amplifiers are being designed for improving not only the 

common mode rejection ratio (CMRR), noise and offset, but also the rail-to-rail 
performance. For example, operational amplifiers are desired with an output stage 
having full rail-to-rail output swing capability, such as in many transimpedance 
amplifier applications, e.g., from below zero volts or ground to above a full-scale 
voltage of Vdd. With reference to Figure 1, an output stage 100 as may be 
implemented within a conventional operational amplifier having a class AB output 
configuration is illustrated. Output stage 100 comprises a pair of output transistors. 
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Mi and M2, operating in a common-source configuration. Output transistors, Mi and 
M2 are typically configured as PMOS and NMOS devices, with PMOS output 
transistor Mi having an input terminal, e.g., a source terminal, coupled to a supply 
voltage, and with NMOS output transistor M2 having an input terminal, e.g., a source 
terminal, coupled to ground. 

[0004] For most single supply operational amplifiers, difficulties arise when the 

output signal is pulled downwards to the lower output swing limit, such as to ground 
or below. Unfortunately, even the better amplifiers and output stages are only able 
to swing close to single supply ground, for example within approximately lOmV, well 
short of the approximate 1 |jV or less that is desired. Further, when output voltage at 
VouT is close to zero volts or ground, output transistor M2 will tend to operate within 
the deep triode region, acting effectively as a resistor, thus resulting in low gain 
complications, and thus slower speeds. 

[0005] One method to improve the pulling downward of the output to ground or zero 

volts includes the addition of a pull-down resistor Rrd coupled between output 
voltage Vqut and a negative voltage, e.g., ground less a voltage Vpd- Pull-down 
resistor Rpd is configured to facilitate pulling down of output voltage Vqut towards or 
below the lower supply. However, pull-down resistor Rrd does not address the 
lower gain characteristics caused by output transistor M2 during pulling-down of 
output voltage Vqut, output stage 100 still realizes reduced speed. 

[0006] Other attempts to effectively pull output voltage Vqut downwards to or below 

the lower output supply, many operational amplifiers are configured with dual supply 
voltages instead of single supply voltages. However, such dual supply operational 
amplifiers generally require higher voltage processes than the low voltage 
processes utilized by single supply operational amplifiers. 
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Summary of the Invention 

[0007] In accordance with various aspects of the present invention, an output stage 

circuit is configured for enabling an output of an operational amplifier circuit to be 
pulled upwards and/or downwards to or beyond an upper or lower power supply with 
minimal loss of gain. The exemplary output stage circuit can be implemented within 
various operational amplifier configurations, including transimpedance amplifiers, or 
any other operational amplifier arrangement. In accordance with an exemplary 
embodiment, the output stage circuit comprises a pair of output transistors including 
an upper and lower output transistor configured to provide an output voltage, and a 
controlled resistive circuit configured to enhance the gain of the output stage circuit 
during the pulling upwards or downwards of the output voltage towards or beyond 
an upper or lower power supply with minimal gain loss being realized. 

[0008] In accordance with one aspect of the present invention, the controlled 

resistive circuit is configured to modify the dynamic impedance effect of the upper 
output transistor during pull-up operation, or the lower output transistor during pull- 
down operation. For example, during normal operation, the controlled resistive 
circuit operates with low to approximately zero resistance, e.g., acts essentially as a 
"short," but during the pull-up or pull-down operation the controlled resistive element 
can be configured to add resistance to modify the dynamic impedance of the upper 
or lower output transistor. As a result, an operational amplifier circuit including an 
exemplary output stage circuit can swing towards or beyond the upper and/or lower 
power supply for the operational amplifier circuit with minimal loss of gain, thus 
allowing for low voltage processes to be utilized. 

[0009] In accordance with an exemplary embodiment, an exemplary controlled 
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resistive circuit comprises a controlled resistive element and an output sense 
element. The controlled resistive element can comprise various types of resistive 
elements, for example, variable resistors and/or transistor devices, for controlling 
the dynamic impedance of the lower output transistor. The output sense element is 
configured to sense the output voltage and provide level shifting of the appropriate 
voltage for operation of the controlled resistive element. 
[0010] In accordance with another exemplary embodiment, the output stage circuit 

can comprise an exemplary output stage pull-up circuit including a controlled 
resistive element and an output sense element. In addition, the output stage circuit 
can be configured with both a pull-up circuit and a pull-down circuit, and can 
comprise both bipolar and MOS transistor devices. 



Brief Description of the Drawings 
[0011] A more complete understanding of the present invention may be derived by 

referring to the detailed description and claims when considered in connection with 
the Figures, where like reference numbers refer to similar elements throughout the 
Figures, and: 

[0012] FIG. 1 illustrates a schematic diagram of a prior art output stage circuit; 

[0013] FIG. 2 illustrates an exemplary operational amplifier circuit having an output 

stage in accordance with an exemplary embodiment of the present invention; 
[0014] FIGS. 3A and 3B illustrate schematic diagrams of exemplary output stage 

pull-down and pull-up circuits in accordance with the present invention; 
[0015] FIG. 4 illustrates a schematic diagram of another exemplary output stage 

pull-down circuit in accordance with an exemplary embodiment of the present 

invention; 
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[0016] FIG. 5 illustrates a schematic diagram of another exemplary output stage 

pull-down circuit as may be configured within an exemplary operational amplifier 
circuit in accordance with an exemplary embodiment of the present invention; and 

[0017] FIG. 6 illustrates a schematic diagram of an exemplary output stage pull-up 

circuit in accordance with an exemplary embodiment of the present invention. 



Detailed Description of Exemplary Embodiments of the Present invention 
[0018] The present invention may be described herein in terms of various functional 

components. It should be appreciated that such functional components may be 
realized by any number of hardware or structural devices configured to perform the 
specified functions. For example, the present invention may employ various 
integrated components, e.g., buffers, supply references, current sources, signal 
conditioning devices and the like, comprised of various electrical devices, e.g., 
resistors, transistors, capacitors, diodes and other components whose values may 
be suitably configured for various intended purposes. In addition, the present 
invention may be practiced in any integrated circuit application where an output 
stage can be utilized. However for purposes of illustration only, exemplary 
embodiments of the present invention are illustrated herein in connection with an 
operational amplifier, for example one having a class AB output configuration. 
Further, it should be noted that while various components may be suitably coupled 
or connected to other components within exemplary circuits, such connections and 
couplings can be realized by direct connection between components, or by 
connection or coupling through other components and devices located 
thereinbetween. 
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[0019] As discussed above, prior art output stage circuits with single supply 

configurations liave difficulty in pulling down the output sufficiently close to or below 
the lower output supply, e.g., to ground or below, instead approaching within 
approximately 10mV of the lower supply. Relying on a pull-down resistor does not 
address the lower gain concerns caused by the resistive effects of the lower output 
transistor during the pulling-down of the output voltage, while dual supply 
configurations are also not desirable due to the high voltage processes that are 
required. 

[0020] However, in accordance with various aspects of the present Invention, an 

output stage circuit is configured for enabling an output of an amplifier circuit to be 
pulled upwards and/or downwards towards or beyond an upper or lower power 
supply, for example, to above Vdd or below ground with minimal gain loss. The 
exemplary output stage circuit can be suitably implemented within various 
operational amplifier configurations, Including transimpedance amplifiers, or any 
other operational amplifier arrangement. 

[0021] With reference to an exemplary embodiment illustrated in Figure 2, an 

exemplary operational amplifier circuit 200 comprises an Input stage circuit 202 and 
an output stage circuit 204. In this exemplary embodiment, input stage circuit 202 
comprises differential input terminals Vin+ and Vin- configured from PMOS 
transistors Mpi and Mp2, and a current mirror circuit comprising transistors Mni and 
Mn2 configured to provide an output signal to output stage circuit 204. Input stage 
circuit 202 can comprise any input stage configuration within an operational 
amplifier now known or hereinafter devised, and the configuration of input stage 202 
is merely for illustrative purposes. 

[0022] In accordance with this exemplary embodiment, operational amplifier 200 Is 
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configured in a class AB output arrangement with output stage circuit 204. Output 
stage circuit 204 comprises an upper output transistor Mi and a lower output 
transistor M2 configured to provide an output voltage at output terminal Vquti and a 
pull-up and/or pull-down circuit comprising pull-up and/or pull-down resistors Rpu 
and RpD and one or more controlled resistive circuits R configured to enhance the 
gain of the output stage circuit during the pulling upwards and/or downwards of the 
output voltage towards or beyond an upper or lower power supply. As will be 
discussed in more detail below, while an exemplary output stage circuit 204 can be 
configured to provide either a pull-up and/or pull-down circuit, only one of the pull-up 
circuit or pull-down circuit are configured to operate at any one give time, i.e., an 
exemplary output stage circuit 204 can include both a pull-up circuit and a pull-down 
circuit, but will only allow operation of one of the circuits, with the other circuit being 
disabled or omitted. 

[0023] While pull-up and pull-down resistors Rpu and Rrd can be configured 

internally within output stage circuit 200, in accordance with an exemplary 
embodiment, pull-up and pull-down resistors Rpu and Rrd are configured externally, 
thus allowing for modification and adjustment by an end user of output stage circuit 
200. In addition, while Figure 2 illustrates both pull-up and pull-down resistors Rpu 
and RpD in the same circuit, in practical applications, only one of pull-up and pull- 
down resistors Rpu and Rpd are connected between output terminal Vqut and an 
upper or lower power supply. In accordance with other exemplary embodiments, 
both pull-up resistor Rpu and pull-down resistor Rpd can be included by coupling 
through switches to output terminal Vqut, i.e.. only one of pull-up resistor Rpu and 
pull-down resistor Rpd are connected through switches into the circuit and thus 
operating at one time. 
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[0024] Output stage circuit 204 can be configured in various arrangements. For 

example, with reference to FIG. 3A, an exemplary output stage circuit 300 as may 
be implemented within an operational amplifier, such as operational amplifier 200, is 
illustrated. Output stage circuit 300 comprises a pair of output transistors, Mi and 
M2. configured in a common-source arrangement, and a pull-down circuit 
comprising a pull-down resistor Rrd and having a controlled resistive circuit R. 
Output transistors Mi and M2 comprise PMOS and NMOS devices, respectively, 
with an input terminal, i.e., source terminal, of transistor Mi coupled to a supply 
voltage Vdd, an input terminal of output transistor M2 coupled through controlled 
resistive circuit R to ground, and the common-drain terminals configured for 
providing an output terminal Vout- 

[0025] Pull-down resistor Rrd is coupled between output voltage Vout and a 

negative supply voltage, e.g., ground less a voltage Vpd. In other words, the 
negative supply voltage comprises some voltage below ground. Pull-down resistor 
RpD is configured to facilitate pulling down of output voltage Vout towards the lower 
negative supply. In accordance with an exemplary embodiment, pull-down resistor 
RpD is configured externally to the pull-down circuit, i.e., a discrete and separate 
component to output stage circuit 300, thus allowing lower voltage processes to be 
suitably utilized. However, pull-down resistor Rrd can also comprise an integrated 
component, i.e., on-chip. 

[0026] Pull-down resistor Rrd can comprise various resistance values, such as 

between approximately 1kohm or less to Skohms or more, e.g., an approximate 
2kohm resistor, with the value dependent upon amplifier design. For example, with 
the understanding that approximately V2 of the supply current will flow through 
output stage circuit 300, the value of resistance for pull-down resistor Rrd can be 
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calculated to enable the voltage drop across pull-down resistor Rrd to be equal to 
negative supply voltage comprising ground less voltage Vrd. 

[0027] In accordance with one aspect of the present invention, controlled resistive 

circuit R is configured to enhance the gain of output stage circuit 300 during the 
pulling downwards of the output voltage towards or beyond a lower power supply. 
To enhance the gain, controlled resistive circuit R is configured to modify the 
dynamic impedance effect of lower NMOS output transistor M2 during pull-down 
operation. For example, during normal operation, controlled resistive circuit R is 
configured to operate with low to approximately zero resistance, e.g., act essentially 
as a "short," but during the pull-down operation the controlled resistive element adds 
resistance to modify the effect of the dynamic impedance of lower output transistor 
M2. As a result, output transistor M2 does not cause lower gains in the operational 
amplifier circuit. Accordingly, an operational amplifier circuit including an exemplary 
output stage circuit 300 can swing below lower power supply, e.g., below ground, 
with only a single supply voltage for operational amplifier circuit, thus allowing for 
low voltage processes to be utilized. 

[0028] While controlled resistive circuit R is configured with output stage circuit 300 

of FIG. 3A in a pull-down circuit arrangement, controlled resistive circuit R can also 
be configured in a pull-up circuit arrangement. For example, with reference to FIG. 
3B, input terminal of output transistor Mi is coupled through controlled resistive 
circuit R to the supply voltage. In accordance with this exemplary embodiment of 
the present invention, controlled resistive circuit R is configured to enhance the gain 
of output stage circuit 300 during the pulling upwards of the output voltage towards 
or beyond an upper power supply by modifying the dynamic impedance of upper 
output transistor Mi during pull-up operation. For example, during normal operation, 
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controlled resistive circuit R again operates with low to approximately zero 
resistance, e.g., acts essentially as a "short," but during the pull-up operation 
controlled resistive circuit R adds resistance to modify the effect of the dynamic 
impedance of upper output transistor Mi, thus preventing output transistor Mi from 
reducing the gain of the operational amplifier during pull-up operation. 

[0029] Moreover, an output stage circuit 300 can also be suitably configured with 

two controlled resistive circuits R. For example, with reference again to Figure 2, an 
output stage circuit 200 can comprise a first controlled resistive circuit R configured 
to modify the dynamic impedance effect of upper output transistor Mi during pull-up 
operation, and a second controlled resistive circuit R configured to modify the 
dynamic impedance effect of lower NMOS output transistor M2 during pull-down 
operation. However, for an output stage circuit 200 having two controlled resistive 
circuits R, only one controlled resistive circuit R is operated at one time, i.e., while 
output stage circuit 200 can comprise a controlled resistive circuit R for pull-up 
operation and/or another controlled resistive circuit R for pull-down operation, only 
one controlled resistive circuit R is configured with a pull-up resistor Rpu or pull- 
down resistor Rpd for pull-up operation or pull-down operation at any one given time. 
Accordingly, an operational amplifier circuit including an exemplary output stage 
circuit can be configured to swing above the upper power supply and/or below the 
lower power supply with only a single supply voltage for the operational amplifier, 
thus allowing for low voltage processes to be utilized. 

[0030] Controlled resistive circuit R can comprise various types of devices and 

circuits for modifying the dynamic impedance effect of upper and/or lower output 
transistors Mi and M2 during pull-up or pull-down operation. For example, controlled 
resistive circuit R can comprise variable resistor devices, sensing devices, 
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numerous transistor devices or any other devices or circuits capable of providing 
controlled resistance and impedance conditions in an operational amplifier circuit. 

[0031] For example, in accordance with an exemplary embodiment, with reference 

to FIG. 4, an exemplary output stage circuit 400 comprises upper and lower output 
transistors Mi and M2 and a pull-down circuit comprising pull-down resistor Rrd and 
a controlled resistive circuit including a controlled resistive element 402 and an 
output sense element 404. Controlled resistive element 402 is configured to modify 
the dynamic impedance effect of lower NMOS output transistor M2 during pull-down 
operation. In this exemplary embodiment, controlled resistive element 402 
comprises an NMOS transistor M3 coupled in series between output transistor M2 
and ground, e.g., the drain of transistor M3 is coupled to the source of transistor M2, 
and the source of transistor M3 is coupled to ground. During normal operation, 
transistor M3 is configured to operate within the triode region and have a very 
minimal resistance, e.g., operate essentially as a "short," and thus not affect the 
dynamic impedance of lower NMOS output transistor M2. However, during pull- 
down operation, transistor M3 suitably adds resistance to modify the dynamic 
impedance of lower output transistor M2. Controlled resistive element 402 can 
comprise any element configured to modify the dynamic impedance effect of lower 
NMOS output transistor M2 during pull-down operation, i.e., any variable resistive 
element in series with output transistor M2. 

[0032] Output sense element 404 is configured to sense output voltage Vqut and 

provide level shifting of the appropriate voltage for operation of controlled resistive 
element 402. In accordance with this exemplary embodiment, output sense element 
404 comprises a current source l^ coupled to supply voltage Vdd, and a diode- 
connected transistor M4. Current source h can comprise any current source 
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configuration, e.g., a resistor or other transistor device coupled to supply voltage 
Vdd, or any other current source arrangement. Diode-connected transistor M4 
comprises an NMOS transistor having a source coupled to output voltage Vqut and 
a gate-drain connection coupled to a control terminal, e.g., a gate terminal, of 
transistor M3. 

[0033] During normal operation, such as when output voltage Vqut varies between 

100mV to less than supply voltage Vqd, diode-connected transistor M4 operates to 
add a gate-source voltage Vgs to control the gate of transistor M3. During pull-down 
operation, when output voltage Vqut is to be pull downwards toward zero volts, 
diode-connected transistor M4 provides only a minimal voltage drop. Thus, with the 
impedance of transistor M3 coupled in series with the impedance of output transistor 
M2, transistor M3 adds another series of impedance to increase the effect of the 
dynamic resistance of output transistor M2. 

[0034] While an exemplary embodiment of output sense element 404 comprises 

current source \^ coupled to supply voltage Vdd, and diode-connected transistor M4, 
output sense element 404 can comprise any circuit configuration for sensing output 
voltage Vqut and provide control of operation for controlled resistive element 402, 
e.g., to provide level shifting of the appropriate voltage for the control terminal of 
NMOS transistor M3. 

[0035] As discussed above, while an output stage circuit can be configured in a pull- 

down circuit arrangement with a controlled resistive element, an exemplary output 
stage circuit can also be configured in a pull-up arrangement. For example, with 
reference to FIG. 6, in accordance with another exemplary embodiment, an output 
stage circuit 600 can comprise a pull-up circuit having a pull-up resistor Rpu and a 
controlled resistive circuit including a controlled resistive element 602 and an output 
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sense element 604. Pull-up resistor Rpu is coupled between output voltage Vout 
and supply voltage, Vdd, plus a voltage Vpu. Pull-up resistor Rpu is configured to 
facilitate pulling up of output voltage Vout towards the upper level supply. 

[0036] Controlled resistive element 602 is configured to modify the dynamic 

impedance effect of upper PMOS output transistor Mi during pull-up operation. 
Controlled resistive element 602 comprises an PMOS transistor M3 coupled in 
series between output transistor Mi and supply voltage Vdd, e.g., the drain of 
transistor M3 is coupled to the source of transistor Mi, and the source of transistor 
M3 is coupled to supply voltage Vdd- During normal operation, transistor M3 is 
configured to operate within the triode region and have a very minimal resistance, 
i.e., operate as a "short." and thus not affect the dynamic impedance of upper 
PMOS output transistor Mi. However, during pull-up operation, transistor M3 
suitably adds resistance to modify the dynamic impedance of upper PMOS output 
transistor Mi, thus minimizing the potential gain loss caused by output transistor Mi. 
As a result, an operational amplifier circuit including an exemplary output stage 
circuit 600 can swing towards or beyond the upper power supply with minimal gain 
loss and only a single supply voltage for the operational amplifier circuit, thus 
allowing for low voltage processes to be utilized. 

[0037] Output sense element 604 is configured to sense output voltage Vout and 

provide level shifting of the appropriate voltage for operation of controlled resistive 
element 602, i.e., control of the voltage at the control terminal of transistor M3. 
Output sense element 604 comprises a current source I1 coupled to ground, and a 
diode-connected transistor M4. Diode-connected transistor M4 comprises a PMOS 
transistor having a source coupled to output voltage Vout and a gate-drain 
connection coupled to the control terminal, e.g., a gate terminal, of transistor M3. 
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Diode-connected transistor M4 is configured to operate similarly to that of diode- 
connected transistor M4 of output sense element 404. 

[0038] As discussed above, an exemplary output stage circuit can also be 

configured with both a pull-up circuit and a pull-down circuit arrangement, i.e., with 
both controlled resistive elements 402 and 602 and output sense elements 404 and 
604. and can comprise both bipolar and MOS transistor devices. 

[0039] With reference to FIG. 5, an exemplary embodiment of an output stage circuit 

500 as can be implemented within an operational amplifier circuit is illustrated. 
Output stage circuit 500 can be configured with a class AB control loop and 
comprise a pair of output transistors Mi and M2 configured in a common-source 
arrangement, and a pull-down circuit having a controlled resistive element 502 and 
an output sense circuit 504. The class AB control loop comprises transistors M19 
and M24 configured to control the gate terminals of output transistors Mi and M2. 
Output stage circuit 500 further comprises a diode branch 512 configured to provide 
a gate voltage for transistor M19, and a diode branch 510 configured to provide a 
gate voltage for transistor M24. 

[0040] A transistor M23 is provided in series with transistor M24 to eliminate impact 

ionization effect within output stage circuit 500. Transistor M26, and diodes M27 and 
M28 are configured to provide the gate voltage for control of transistor M23- Output 
stage circuit 500 further includes current limit devices 506 and 508, comprising 
transistors M5 and Me, configured to limit current in either direction in output stage 
circuit 500 while the output is pulled towards either the upper or lower supply. 

[0041] In this exemplary embodiment, controlled resistive element 502 comprises a 

transistor M3, but can comprise any variable resistive circuit or device for modifying 
the dynamic impedance of lower output transistor M2. Meanwhile, output sense 
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element 504 comprises a diode-connected transistor M4 and a current source 
comprising transistor M7; Inowever. output sense element can comprise any diode- 
configuration and any current source circuit configured to sense output voltage Vqut 
and provide level shifting of the appropriate voltage for operation of controlled 
resistive element 502. Although not illustrated in this embodiment, it should be 
noted that the exemplary output stage circuit could also comprise a pull-up circuit 
instead of, or in addition to, the pull-down circuit comprising controlled resistive 
element 502 and an output sense circuit 504, e.g., a controlled resistive element 
602 and an output sense circuit 604 could be suitably configured with output 
transistor Mi. In addition, output stage circuit 500 can comprise various other 
devices and components, such as bias devices M14-M17, current sources or any 
other devices capable of use in output stage circuits. 
[0042] In summary, an output stage circuit is configured for enabling an output of an 

amplifier circuit to be pulled upwards and/or downwards towards or beyond an 
upper or lower power supply, for example, to above Vdd or below ground, with 
minimal gain loss. The exemplary output stage circuit can be implemented within 
various operational amplifier configurations. The output stage circuit can comprise a 
pair of output transistors configured to provide an output voltage, and a pull-up 
and/or pull-down circuit comprising a controlled resistive circuit configured to 
enhance the gain of an operational amplifier circuit during the pulling upwards 
and/or downwards of the output voltage towards or beyond an upper and/or lower 
power supply. An exemplary controlled resistive circuit comprises a controlled 
resistive element and an output sense element for modifying the dynamic 
impedance effect of the upper and/or lower output transistors during pull-up or pull- 
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down operation, thus reducing the gain losses caused by the upper and/or lower 
output transistors. 

[0043] The present invention has been described above with reference to various 

exemplary embodiments. However, various other changes and modifications may 
be made to the exemplary embodiments without departing from the scope of the 
present invention. In addition, any type of transistor devices configured for 
performing the intended functions can be utilized. These and other changes or 
modifications are intended to be included within the scope of the present invention, 
as set forth in the following claims. 
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